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Optical frequency combs have the potential to become key building blocks of optical communication subsys-
tems. The strictly equidistant, narrow-band spectral lines of a frequency comb can serve both as carriers for 
massively parallel data transmission and as local oscillator for coherent reception. Recent experiments have 
demonstrated the viability of various chip-based comb generator concepts for communication applications, 
offering transmission capacities of tens of Tbit/s. Here, we investigate the influence of the comb line power 
and of the carrier-to-noise power ratio on the performance of a frequency comb in a WDM system. We dis-
tinguish two regimes of operation depending on whether the comb source or the transmission link limits the 
performance of the system, i.e., defines the link reach, restricts the choice of modulation format and sets the 
maximum symbol rate. Finally, we investigate the achievable OSNR and channel capacity when using the 
tones of a soliton Kerr frequency comb as multi-wavelength carriers for WDM systems. 
1. Introduction 
Wavelength-division multiplexing (WDM) has been 
used for long-haul optical fiber links over distances of 
hundreds or even thousands of kilometers since the 
1990s [1]. For such links, the fiber infrastructure repre-
sents the most expensive asset while the costs of trans-
ceiver components are comparatively low. However, 
with the explosive growth of data rates across all net-
work levels, WDM is now becoming increasingly im-
portant also for shorter links, which are deployed in 
much larger quantities and which are much more sensi-
tive to cost and size of the transceiver assemblies. This 
evolution is, e.g., witnessed by a strong market growth 
in the field of so-called data center interconnects, 
which link two or more datacenters or parts thereof 
across a metropolitan-area with typical distances of less 
than 100 km. In the future, even shorter WDM links are 
likely to emerge, e.g., in the context of high-throughput 
campus-area networks, which connect datacenter build-
ings over distances of up to a few kilometers. At pre-
sent, these networks still rely on parallel transmission 
using spatially separated channels in thousands of sin-
gle-mode fibers, each of which is operated at a compar-
atively low data rate of at most a few hundred Gbit/s. It 
is foreseeable that the concept of plain spatial parallel-
ization will soon reach its scalability limits and that it 
must be complemented by spectral parallelization of 
data streams in each fiber to sustain further increases in 
data rates. This may un-lock an entirely new applica-
tion space for WDM techniques, in which utmost 
scalability of channel counts and data rates is of the 
highest importance. 
In this context, optical frequency comb generators 
may play a key role as compact and robust multi-
wavelength light sources that can provide large num-
bers of well-defined optical carriers [2-8]. A particular-
ly important advantage of frequency combs is the fact 
that comb lines are inherently equidistant in frequency, 
hence relaxing the requirements for inter-channel guard 
bands and avoiding frequency control of individual 
lines as needed in conventional schemes that combine 
arrays of independent distributed-feedback (DFB) la-
sers. Note that these advantages do not apply only to 
the WDM transmitter, but also to the receiver, where an 
array of discrete local oscillators (LO) may be replaced 
by a single comb generator [6,10]. Using an LO comb 
further facilitates joint digital signal processing of the 
WDM channels, which may reduce receiver complexity 
and increase phase noise tolerance [11,12]. Moreover, 
parallel coherent reception using an LO comb with 
phase-locked tones might even allow to reconstruct the 
time-domain waveform of the overall WDM signal and 
thus permit compensation of impairments caused by 
optical nonlinearities of the transmission fiber [13]. 
Besides these conceptual advantages of comb-based 
transmission, compact footprint and cost-efficient mass 
production is key for future WDM transceivers. Among 
the various comb generator concepts, chip-scale devic-
es are therefore of particular interest [5-10,14-19]. 
When combined with highly scalable photonic integrat-
ed circuits for modulation, multiplexing, routing, and 
reception of data signals, such devices may become the 
key to compact and energy-efficient WDM transceivers 
that can be fabricated in large quantities at low cost and 
that can offer transmission capacities of tens of Tbit/s 
per fiber. 
Chip-based frequency comb, however may present 
certain limitations in comparison to an array of inde-
pendent lasers, namely lower optical power per line and 
lower optical carrier-to-noise power ratio (OCNR) per 
line. For large line counts, optical amplifiers are needed 
to boost the optical power prior to modulation, which 
will have direct impact on the achievable optical signal-
to-noise power ratio (OSNR) of the WDM transmitter 
[11]. Therefore, optical frequency combs introduce new 
limitations in comparison with using individual DFB 
lasers. Here we describe how the power per line and 
OCNR per line affect the performance of the WDM 
system. We distinguish two regimes of operation de-
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pending on whether the comb source or the transmis-
sion link limits the performance of the system, i.e., 
limits the link reach, restricts the choice of modulation 
format and sets the maximum symbol rate. Among the 
various chip-based comb generators for WDM applica-
tions, so-called Kerr soliton frequency combs, or bright 
solitons, stand out as a particularly promising option 
due to their large number of low-noise optical carriers 
and smooth spectral envelope. We thus, carry out an 
analysis of the achievable OSNR and channel capacity 
using such bright solitons for WDM applications. 
2. OSNR limitations in a comb-based WDM 
system  
The performance of a WDM link is often quantified by 
the OSNR measured at the receiver input. The OSNR is 
defined as the ratio of the signal power to the amplified 
spontaneous emission (ASE) noise power within a 
reference bandwidth ref 12.5 GHzB = , corresponding 
to a reference wavelength span of 0.1 nm at a center 
wavelength of 1.55µm . The OSNR can be translated 
into the signal-to-noise ratio SNR that refers to the 
actual bandwidth Bsig of a specific signal [20]. For a 
coherent system limited by ASE noise,  
 ref
sig
2
SNR OSNR
B
pB
= . (1) 
where 1p =  for a single polarization signal and 2p =  
for a polarization multiplexed signal. In the following, 
we will consider dual polarization signals. 
In the case of using an optical frequency comb gen-
erator (FCG) as a light source, the OSNR will depend 
on the comb line power P  and the optical carrier-to-
noise ratio ( OCNR ) of the -th comb line . In analogy 
to the OSNR, the OCNR relates the comb line power to 
the power of the background noise, measured again 
within a reference bandwidth refB  centered at the comb 
line frequency. The noise power at the output of the 
FCG is given by 
 n, n, ref
OCNR
P
P S B= = . (2) 
Here, n,S  is the noise power density copolarized with 
the carrier. Note that we disregard the impact of phase 
noise in our analysis. 
The comb line power and the OCNR impact the OSNR 
of a WDM channel and can thus limit the achievable 
reach and spectral efficiency. For a quantitative analy-
sis, consider the WDM link depicted in Fig. 1 consist-
ing of a WDM transmitter, a link with M fiber spans, 
and a WDM receiver [11]. Note that the comb line 
powers P  of most chip-scale comb generators are 
usually much weaker than the power levels emitted by 
state-of-the-art continuous-wave laser diodes as used in 
conventional WDM systems. It is therefore necessary 
to amplify the comb lines prior to modulation by send-
ing them through a dedicated optical amplifier (‘Comb 
amp.’) with gain 0 1G  . Data are encoded onto the 
various carriers by a WDM modulator unit (WDM 
mod.), comprising a WDM demultiplexer (DEMUX), 
an array of dual-polarization in-phase/quadrature (I/Q) 
modulators, and a WDM multiplexer (MUX). The gain 
of the WDM modulator unit is denoted as 0 1g  , and 
accounts for the insertion losses of the multiplexer and 
the demultiplexer as well as for the insertion and modu-
lation losses of the I/Q modulators,  
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In these relations, the quantity 0F  is the noise figure of 
the amplifier after the comb source, and hf  is the 
photon energy [21].  
The WDM polarization multiplexed signal is then 
boosted by an optical amplifier ‘Post-amp.’ with gain 
1G , and launched into the first fiber section, which 
attenuates the power by 1 1g  , 
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This fiber span might be followed by ( 1M − ) addi-
tional fiber sections, each attenuating the power by 
1mg   and by the same number of additional amplifi-
ers with a gain mG  such that 1m mG g = . Assuming that 
all 1M −  links are identical ( mG G= , mg g= , 
1Gg = , mF F= for 2...m M= ), the signal power and 
the noise power after the transmission link are given by 
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The data from each WDM channel are recovered at 
the WDM receiver, which contains an optical preampli-
fier (‘Pre-amp’) with gain RxG  and noise figure RxF  
and a WDM demodulation unit (‘WDM demod.’). The 
WDM demodulation unit uses a multitude of LO tones 
derived from a second FCG to recover the transmitted 
data with an array of IQ detectors. Note that the addi-
tive noise background of the LO comb tones can be 
neglected with respect to that of the received signal. 
The LO comb is hence not considered further in the 
subsequent analysis. The signal power s,RxP  and the 
noise power n,RxP  in the reference bandwidth refB  at 
the output of the pre-amplifier are given by 
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To obtain the OSNR for a single WDM channel at 
the receiver, the ratio of the received signal power and 
the noise power in the reference bandwidth refB  needs 
to be calculated,  
 
(Rx)
s,
(Rx)
n,
OSNR .
P
P
=  (7) 
Introducing Eqs. (3)-(6) into Eq. (7), for a given 
line power P  and OCNR , the OSNR per channel 
can be expressed as 
( ) ( )
( )( )
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ampl. FCG noise
1
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In typical 32 GBd WDM links, an optical power of 
approximately 0 dBm per channel is launched into each 
fiber span for keeping the nonlinear impairments low 
while maintaining high OSNR [22,23]. Thus, the signal 
power of a single WDM channel is assumed to be 
0 dBm at the beginning of each fiber span. For simplic-
ity, the gain and the noise figure of the receiver pream-
plifier ‘Pre-amp.’ is assumed to be identical to that of 
the in-line amplifiers, leading to a signal power of 
0 dBm per wavelength channel at the input of the re-
ceiver DEMUX. Note that for a high number of spans, 
the noise of the receiver preamplifier does not play a 
role any more, since the noise background is dominated 
by the contributions from the various amplifiers along 
the link.  
Eq. (8) is the foundation of Fig. 2, which shows the 
OSNR  as a function of the line power P  and the 
number M of fiber spans for a realistic comb-based 
WDM system. For Fig. 2(a), the OCNR  of the comb 
lines is assumed to be infinite, i.e., the FCG itself does 
not introduce any practically relevant additive noise 
background. This can, e.g., be accomplished by dissipa-
tive Kerr soliton comb generators, see Fig. 3. The vari-
ous parameters used for this study are specified in Ta-
ble 1. In our analysis we consider a frequency comb 
source where all tones are equal in power. In Section 3, 
we analyze the impact of a frequency dependent power 
per line. For the WDM modulator unit, an overall inser-
tion loss of 25 dB is assumed, comprising 3.5 dB of 
insertion loss each for the WDM demultiplexer and the 
multiplexer [24], 13 dB of loss for the dual-polarization 
IQ modulators [25], and an additional 5 dB of modula-
tion loss, which are assumed to be independent of the 
modulation format for simplicity. Note that the results 
shown in Fig. 2(a) do not change significantly when 
varying these losses by a few dB.  
 
Fig. 1. Schematic of a WDM transmission and reception system. The comb lines of a frequency comb generator (FCG) 
are first amplified by an optical amplifier (‘Comb amp.’) before data are encoded on each line in the WDM modulation 
unit (‘WDM mod.’), comprising a WDM demultiplexer (‘DEMUX’), an array of dual-polarization I/Q modulators 
(‘Mod.’), and a WDM multiplexer (‘MUX’). The WDM signal is then boosted by an optical amplifier (‘Post-amp.’) and 
transmitted through the fiber link consisting of at least one span. Each of the 1M −  additional spans contain an in-line 
amplifier (‘In-line amp.’) which compensates the loss of the corresponding fiber section. The data from each WDM 
channel are recovered at the WDM receiver, which contains a preamplifier (‘Pre-amp.’) and a WDM demodulation unit 
(‘WDM demod.’). The ‘WDM demod.’ uses a multitude of LO tones derived from a second FCG.  
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The fiber spans are assumed to feature a power loss 
of 15 dB each, corresponding to 75 km of single-mode 
fiber with a propagation loss of 0.2 dB/km. The power 
loss of each span is exactly compensated by the 15 dB 
gain of the corresponding post-amplifier or in-line 
amplifier such that a signal launch power of 0 dBm  is 
maintained for all spans. The gain 1G  of the ‘Post 
amp.’ is assumed to be the same as the gain mG  of the 
“In-line amp.’, and the gain 0G of the ‘Comb amp.’ is 
adjusted such that the 0 dBm  launch power is reached 
after the ‘Post-amp.’ 
For low line powers P , Fig. 2(b) shows that the 
noise level at the receiver is dominated by the contribu-
tion of the comb amplifier. As a consequence, the 
OSNR increases in proportion to P  and is essentially 
independent of the span count M. In this regime, trans-
mission performance is limited by the comb source and 
its associated amplifier (“source-limited”). For high 
comb line powers P , in contrast, the noise level at the 
receiver is dominated by the contributions of the vari-
ous amplifiers along the link (“link-limited”). In this 
regime, the OSNR is essentially independent of P  and 
decreases with each additional span. The transition 
between both regimes is indicated by black circles in 
Fig. 2(a), indicating the points where the OSNR has 
decreased by 1 dB in comparison to its limit at high 
line power P . When using frequency combs in WDM 
systems, operation in the link-limited regime is pre-
ferred. Depending on the number of spans, this requires 
a minimum comb line power between –25 dBm and –
 
Fig. 2. Influence of the comb line power P  and of its carrier-to-noise power ratio OCNR  on the achievable optical 
signal-to-noise power ratio OSNR at the receiver for different numbers M of 75 km-long spans with 0.2 dB/km loss, see 
Table 1 for the model parameters used. (a) OSNR as a function of P  in the limit of high OCNR . The plot reveals two 
regimes: For source-limited transmission at low line powers, the OSNR is dominated by the contribution of the comb 
amplifier, whereas the contributions of the various amplifiers along the link dominates for link-limited transmission at 
high line powers. The transition between both regimes is indicated by black circles which mark the points where the 
OSNR has decreased by 1 dB in comparison to its limit at high comb line powers P . The dashed horizontal lines indi-
cate the minimum OSNR required for transmission of a net data rate of 400 Gbit/s using 16QAM and of 600 Gbit/s using 
64QAM as a modulation format. (b) OSNR as a function of OCNR  for comb line powers P  that correspond to the 
transition points marked by circles in (a). For low OCNR , OSNR is dominated by the noise of the comb source, and the 
link performance is source-limited. For high OCNR , the OSNR is independent of the OCNR , and the transmission 
performance is link-limited.  
 
Table 1. Model parameters used for generating Fig. 2(a) and 2(b) from Eq. (8). The fiber attenuation  , amplifier gain  , 
and noise figures   are assumed to be the same for all M fiber links ( 1...m M= ).  
Variable Description Value 
refB  
Reference bandwidth for OSNR and OCNR calcula-
tion 
12.5 GHz 
sP  
Signal power per WDM channel at the input of each 
fiber span 
1 mW (0 dBm) 
0g  Power transmission factor of WDM modulator unit 3.2 × 10
 −3 (−25 dB) 
0G  Power gain factor of comb amplifier ( )s 0P P g G  
0F  Noise figure of comb amplifier 3.2 (5 dB) 
mg g=  Power transmission factor of fiber section 3.2 × 10
 −2 (−15 dB) 
1
mG G g
−= =  Power gain factor of post- and inline-amplifier 32 (15 dB) 
mF F=  Noise figure of post- and inline-amplifiers 3.2 (5 dB) 
RxG  Power gain factor of pre-amplifier 32 (15 dB) 
RxF  Noise figure of pre-amplifier 3.2 (5 dB) 
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15 dBm. Note that, in principle, the gain 1G  of the post 
amplifier could be decreased by increasing the gain 0G  
of the comb amplifier. For source-limited transmission, 
the overall impact would be small since the OSNR is 
mainly dictated by the comparatively low line power 
P  that enters the comb amplifier. For link-limited 
transmission over a small number of spans, the OSNR 
can be slightly improved by decreasing the gain 1G  
and increasing the gain 0G  while maintaining power 
levels of about 10 dBm per line at the output of the 
comb amplifier. 
Figure 2(a) can be used as a guide for estimating the 
performance requirements for comb sources in WDM 
applications. As a reference, the plot indicates the min-
imum OSNR required for transmission of a net data 
rate of 400 Gbit/s and 600 Gbit/s per WDM channel, 
using 16QAM and 64QAM as a modulation format, 
respectively. In both cases, advanced forward-error 
correction schemes with 11 % overhead and BER 
thresholds of 21.2 10−  [26] are assumed, requiring a 
symbol rate of 56 GBd to provide the specified net data 
rates.  
For many practically relevant comb sources, the 
OCNR  is finite, which will further decrease the 
transmission performance. Figure 2(b) shows the 
OSNR as a function of OCNR  for various span 
counts M. In this plot, the comb line power P  was 
assumed to correspond to the minimum value required 
for link-limited transmission, as indicated by the corre-
sponding transition points in Fig. 2(a). For low 
OCNR , the noise level at the receiver is dominated 
by the noise background of the comb source, and the 
OCNR  and OSNR are essentially identical. In this 
case, the link performance is again source-limited. For 
high OCNR , the OSNR is independent of the 
OCNR , and the transmission performance is link-
limited. Depending on the number of spans, the mini-
mum OCNR  values needed for link-limited transmis-
sion range between 25 dB and 40 dB. The transition 
between both regimes is again marked by black circles 
in Fig. 2(b), indicating the points where the OSNR has 
decreased by 1 dB in comparison to its respective limit 
at high OCNR .  
3. Soliton Kerr combs for massively parallel 
WDM communications 
Chip-scale comb sources have been used in a variety of 
WDM transmission experiments, relying on different 
comb generation approaches and covering a wide range 
of data rates, channel counts, and line spacings [5-
10,14-19].  
A particularly promising option to generate fre-
quency combs in chip-scale devices relies on Kerr 
comb generation in micro-ring resonators [27]. In 
Fig. 3(a), a high-Q resonator is resonantly pumped by a 
CW laser, thus producing a strong intra-cavity power. 
Under appropriate pumping conditions, degenerate and 
non-degenerate four-wave mixing leads to formation of 
new spectral lines by converting pairs of pump photons 
into pairs of photons that are up- and downshifted in 
frequency. Of particular interest for WDM applications 
are so-called single dissipative Kerr soliton states, 
which consist of only one ultra-short pulse circulating  
around the microresonator [28,29]. This leads to broad-
band frequency combs with particularly smooth spec-
tral envelopes, providing tens or even hundreds of 
high-quality tones from a single device [6]. An exam-
ple of a soliton comb spectrum is shown in Fig. 3(b). 
The soliton comb offers around 110 carriers spaced by 
approximately 100 GHz within the telecommunication 
C and L-band (1530 nm … 1610 nm). The line powers 
range from –11 dBm near the center to – 20 dBm at the 
edges of the telecommunication window, and the 
OCNR values range from 48 dB to 40 dB. These values 
would safely permit link-limited transmission in realis-
tic WDM systems, see Fig. 2. 
Using Eq. (8) and the model parameters from Ta-
ble 1, we investigate the evolution of the OSNR per 
channel when considering data transmission using the 
carriers within the C and L band of the soliton frequen-
cy comb shown in Fig. 3(b). In addition, we analyze the 
impact on the OSNR of equalizing the power per line 
of the frequency comb, see Fig. 3(c)-3(e). If no power 
equalization is performed to the comb lines, the 
OSNR variations from channel to channel will be de-
termined by the difference in P  at the output of the 
frequency comb. Thus, strong channel to channel varia-
tions of the OSNR  will be observed even after long 
transmission distances, see Fig. 3(c) “No equalizer”. 
Alternatively, equalization of the different comb lines 
can be achieved by, e.g., gain equalizing filters in the 
first amplification stage, see Fig. 1. In this case, after 
few spans, the ASE noise from the inline amplifiers  
will bring the noise power of each channel, and thus 
the OSNR , to a similar value, see Fig. 3(d) “Gain 
equalizer”. However, in practical applications, channel 
equalization can be easily achieved in the WDM modu-
lator stage, see Fig. 1, by, e.g., the use of optical atten-
uators or adjusting the driving voltages of the different 
modulators. In this case, the OSNR for short links is 
lower compared with the case of no equalization or 
equalization at the first amplifier stage, see Fig. 3(e) 
“Power equalizer”, due to the extra attenuation of the 
comb lines after each modulator. However, for long 
transmission distances, the OSNR values converge to 
those from Fig. 3(c) and 3(d). Thus, not equalizing the 
power of the comb lines leads to higher OSNR values 
for channels at the center of the C and L-band, and 
lower OSNR values for the channels at the edges of the 
telecommunication windows, with respect to equalizing 
the power per channel. Next, we compare the impact of 
equalling in terms of maximun achievable capacity 
[30],  
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log 1 SNR
L
rC f
=
= +  (9) 
where fr is the comb line spacing, L is the number of 
comb lines, and SNR  is obtained from Eq. (1) with 
rB f= . Figure 4 shows the capacity as a function of the 
link distance. The solid lines depict the case where the 
capacity is maximized for each channel according to its 
SNR . This can be done by, e.g., adapting the modula-
tion format for each channel. The dashed lines consider 
the situation where the channel with the lowest SNR , 
minSNR , dictates the modulation format for all of the 
channels, and the total capacity is given by    
 ( )2 minlog 1 SNRrC L f= +  (10) 
Thus, if the capacity is individually optimized for 
each channel, the total capacity, C, converges to the 
same value whether or not the comb line powers are 
equalized. However, when SNRmin is considered for all 
channels, the total capacity when flattening the fre-
quency comb is higher than no equalizing for both 
metro and long-haul links.  
 
 
 
Fig. 3.  Soliton Kerr combs for massively parallel WDM communications. (a) A high-Q Kerr nonlinear microresonator 
(KNLM) is pumped by a CW laser. Under appropriate conditions, degenerate and non-degenerate four-wave mixing 
leads to formation of new spectral lines. Of particular interest for optical communications are so-called single dissipative 
Kerr soliton (DKS) states, for which the superposition of the phase-locked optical tones forms an ultra-short soliton pulse 
circulating in the cavity. This leads to a comb spectrum with a broadband smooth envelope. (b) Spectrum of a single Kerr 
soliton frequency comb generated in a Si3N4 microresonator [6]. The comb offers more than 100 carriers in the telecom-
munication C and L-band (1530 nm … 1610 nm ), spaced by approximately 100 GHz. In the center of the spectrum, the 
comb line power amounts to − 11 dBm, and the OCNR is approximately 48 dB. (c) OSNR as a function of the link dis-
tance and the comb line number without equalizing the comb line power; (d) equalizing the power per line at the first 
amplifier stage of Fig. 1; (e) equalizing the power per line at the WDM mod. unit from Fig. 1.  
 
 
Fig. 4.  Total capacity of a WDM transmission using Kerr soliton frequency comb. Blue trace: no equalization done. Red 
trace: the frequency comb is flattened by a gain equalizer in the first amplifying stage. Green trace: the frequency comb is 
smoothened by optical attenuators in the WDM modulator, Fig. 1. Solid line: the capacity is optimized individually for 
each channel. Dashed line: The SNR minimum, minSNR , is used for each channel.  
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4. Summary 
We have investigated the influence of the comb line 
power and optical carrier-to-noise power ratio (OCNR) 
on the OSNR for comb-based WDM transmission sys-
tems. We distinguish two regimes of operation depend-
ing on whether the comb source or the transmission 
link limits the performance of the system. Finally, we 
have analyzed the achievable OSNR and channel ca-
pacity when using the tones of a soliton frequency 
comb as WDM carriers.  
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